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Effect of diunml convection on trapped thermal plasma

in the outer plasmasphere

1. Introduction

The effects of magnctosphcric convection, and its associated large-scale electric i_e}.d,or

the global structure and morphology of the magnetosphere arc well known [Axford_ 1969].

The most strikingexample intheinnermagnetosphereistheformationof the plasmapause,

whose locau_,_isdeterminedby theinterplaybetween thelarge-scaleelectricfieldand the

coro?_ttion¢l¢_Lric_:.Id [Niahida,7.966;Lemaire,1974].The effectsof convect:_non the

deta_edstructureofthe region_side theplasmapau_ a_'eless,yellknown.

Recentwork on pla.smasphcriceoD.vection_lasutilizedfluidmethods [Rasmussen and

Schunk,1990;Rasmusaenetal.,1993;Khazanovetal,,1994],which trvatthvenl_iredistribution

ofparticlesidenlic_dly.Thisisreasonableifone assumesthatthefluxtubesarecompletely

fille_l,i.e.,a diffusive_,,qtdlibriurnconditionexists.However, convection(thediurnalmotion

ofa magneticfluxtube)dfectsdifferem:regionsoftheplasmaphasespaceinfundmnentally

differentways, leadingto a steadystateinth_ high-altituderegionsnearthe plasmapaus_,

but not hydrodynamicor thermalequtlibrium.B_ause ?_ispartitionin phase spaceisnot

realizableina fluidformulation,iti_snecessaryto treattheplasma from a kineticpointof

view,pa_.cttlarlyathigh.altitudeswhere Coulomb collisionsareinfrequent.We alsonote

thaidiff.crcncesbetweenmeasureddensitiesand fluid.modelpredictionshavebc,en previously

reported[Rasmussen and Schunk, 1990;Craven etal., 1997].

In _hisL_tter,w¢ use ¢:ollisionlesskinetictheoryto investigatelh_conve_tionof mag-

neticallytrappedthermalparticles,and to(:lu¢idarathe.irrok;indeterminingthedensityand

temperaturemorphology insidethel)lasm_tpausc.Thistrappedpopulation,found in high-

altitudefluxtubes,isthermodynamicallyisolatedfrom theionosphelicplasma on trmasport

timescales,and is_tronglyaffectedby lheconvectionelectricfieldswhich form theplasma-

Idanusetlotapptov_lMarch II, Ig97
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pause.These fluxtubesexperien_expansionand contractiondue toradialexcursionsduring

theirdiurnaltrajectory.Thisaffectsthephase-spacedensityofthetrappedpopulation.Flux-

tub_motiondoesnot,however,modifytheuntrappedpopulationbecausethoseparticlesescape

and re-entertheionospher_on a timescale(,,,I hour) [Lemaire,1989]shorterthanthatof

convection(-,-12hours).

In addition,thepresentapproachhas thepotentialforinvestigatinga wide varietyof

instabilj.tie,s (duetothenonequilibriumnatureofthedistributionfunction)witha possibility

of expl._:ing the observed asymmetric wave aelJvity in the outer plasmasphere [Boards_n

et at., 1995]. The wav_s cot, ld provide a mechanism for scattering particles between the

trapped population and the untrapped poptdation. These velocity-space diffusion effects are

not :included in the present analysis.

2. Convection model

W_ divide the plasmaspherc into two regions: the barosphere, where Coulomb collisions

dominate and the plasma, dis_'ibution function is Maxwellian; and the region above the bare-

sphere, which is token to be eoll._sionless, and where the convection of trapped pa_aicles is

included. The bolmdary between these two tog;ions is the baropause, approximated by an

infittitesimally thin surface. Beyond the plasmapa.use, the trapped particles are absent because

theyarecontinuallyconvcetedaway towardthe,magnetopause.

For thisstudy,we considerthe low-energylimit,ignoringboth curvatureand gradient

drifts:allpm'ticlemorionisfieldaligned,withbothene.rgyand magneticmoment conserved.

Inthislimit,therearefourcla_sesofparticlespossibleinacloscd-ficld.lineregion,and they

can beidentifiedby theirpositioninvelocityspace [Lemaireand Scherer,1970]:(I)escaping

particlt_s which have snaall pitch angles, enough energy to escape the gravitational tra 9, and can

entc.r the other hemisphere, (2) incoming particles ,vhieh e.seape fi'cm one hemisphere and enter

the other, (3) ballistic parlieles which do not have enough on.orgy to overcome gravity and return

to lhe ionosphere, _md (4) trapped panic)es which are reflected between two mitrer points and



neverencounterthe baropause, The first three classes are in con_'._ wi_ _e ionosphere and

together make up the portion oft.he distribution called the source cone. Because of this thermal

contact, the characteristics of the source-cone particles, such as temperature and density, are

determined by ionospheric condJ.tions. The fourth class (trapped particles) forms a loss cone in

velocity space, and can e_ibit a _',orphology significantly different from the ionospherically

generated source cone, even during magnetically quiet times.

The velocity distribution, is assumed to be Maxwellian at the baropause, transforms into a

source-cone distribution as it flows up the field line, and re-enters the.barosphere. The trapped

particles in. each flux tube., however, remain in the flux tube indefinitely (in the limit of no

diffusion),and conv_t underthe.influenceofthecombined convectionand corotationelectric

fie.ld_.Only thosetraplxxlparticleswhich neverencoun_r thebaropauseduringtheirdiurn',d

mot/on(andhencewould b¢ absorbed)areincluded.Also,onlythosetrappedparticleswhich

driftEntirelyaroundtheEarthareincluded.The distributionofthetrappedpaniclesistakm

tobeMaxwellianoverthepermittedregionofphasespace,and theirdensity,relative,tothatof

thesourcecone,isa freeparameter.We do not,however,specifyamechanism forfdlm[the

loss cone.

To determine the source--cone distribution quantitatively, the lower boundary condition of

a given field line is a normalized, isotropic Maxwellian distribution f0 (at the baropause) for

each species with mass m

:o(v,,)--- .... ..], (1)
where _o,To,and v'0arethebatopausedensity,temperature,and velo,'ity,resp_;ctJvely.The

source-conedistr.ibmionf,atahigheraltituder onthesame fieldli_eisdeterminedby applying

Liouville'sth(;orem(conservingenergyand magneticmoment) and takingintoaccountthe

accessibilitycondition

/,(v,r)= A(vo) (2.)



where O is _he unit step function, 13and Dr are the magnetic field and the potential energy at r,

Bo and U0 arethosequantitiesatthebaropause,and vo(v)isthevelocitytransformation(see,

e.g.,Eviataretal.[1964]).The potentialenergyU consistsofthegravitational,electrostatic

and cen_fugalpotentialenergies.The ® functionin.Eq. (2)indicatestheregionofphasespace

thatthe sourcecone o_cupies.The densityofthe source-conepopulationisdeterminedby

integrating the distribution ftmction, n, = f d3vf_, and one obtains

where _ = (U- Uo)lhTo is the dimensionless potenl_a], energy and A = 1 - B/Bo. This result

isequivalenl.tothatobtainedby Eviataretal.[1964].The firstterminF4].(3)correspondsto

isothermaldiffusiveequilibrium,whilethetrappedparticlesaxesub.actedby thesecemdterm.

To determinethetrappeddistributionquantitatively,we includetheeffect._:ofconvection

on theregionofphasespaceleft1_ndete:rminedby Eq. (2).We assumethatthedistributionin

thisregionispropo_onal tofo,butthataccessibilityEmitswJue1_'appeddistributionf_to

/,(v,r) = ,7fo(,,o) ¢4)

×O

where_7isafreeparameterwhich characterizesthedensityofthetrappedpopulationrelativeIo

thesourcecone,Ba aad Ua arethemagneticfieldand potentia]energya_theequatorofthefl.ux

lubeali_sclosesttoEarth(whichwe taketobe atdawn_this istrueforasymmetricel.celtic

field),and Bu and.Uoaa_ethesame quantitiesatthebaropauseofthedawn fluxtube,Those

parameteJ_ with a subsclipt d are controlled by the electric field model, whivh del.er_ines the

driftpathofthefluxtube.The parameter_ willdependon flux-tubefillingandlo,_sprocesses,as

wellastherc'_enthistoryof_he.plasmasphere.Trxefirst® functioninEq. (4)allowsonly_hose

particleslhaldo notencounterthebaropauseduringthc,irdiurnalc(_nveetion,Thatis,we kc_p

ol_ly those trapped particles whose turning point is always above l_te baJ'opause, The second
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O function in Eq. (4) is the accessibility condition from dawn for _nvective motion. That is,

we keep only those particles which actually drift completely around the Earth. Equation (4)

is the distribution only in the equatorial plane; a similar expression holds at higher latitudes.

Integrating over the distribution, the density of the drifting trapped particles, ,_, is

wher_Ao_= 1- V/Bo_, A_ = 1 - B/Bd, _ = (U - U_)/kYo,and/3 = A_/(1 - A_).

Figure _ shows the regions o£ velovi W space which the two distinct populations occupy, at the

equatorofatypicalflux tube.

The total,densityisthesum ofthe two l_opulations,n -_ a,+ nt,as givenby Eqs.(3)

and (5).In_ese expressionstheelectrostaticpotenti',disundeterminedandmust be calculated

sclf-coDsistcnti 7 by appl_ng the quasi neutrality condition n, .-- _i nl.

Besid_ the density, knowledge of the tom). distribution allows the calculation, of the

effective temperature. The distribution functions calculated above exhibit highly _misotropic

temperatures, which could lead to strong instabililies. The actual spatial regions of im_tability

will depend on the the paramemr 17,a_ well as the specific electric field model.

3. Equatorial densities

To iUustrate the result of treating the trapped particles in tho manner described, we now

calculate plasma densiti.es in the equatorial plane using fl_c pla-smapausc formation mechanism

of Nishida [I966] (corotatic,n and convection _lectric fields combine to form a separatrix), a

mfffc)rm d_wn-dusk ele.cu_o fiel._ [Kavanagh et al., 1958], a dipolar magnetic fiold aligned

with the. rotation axis, a baropause of constant height, density and _mperamre, with only the

gravitational and electrostatic potcnti_.l energies included in U (no centrifugalpomnfi_l). These

simplifica_ons allow us m focus on the contribution of the trapped population, and they can

easilyberelaxed.Forillustratiw:purpogs,we choosetwo ionspecies,90% hydrogenand 10%

helium at the baJ:opause, along with ro --- 3000 kin, To = 3000 K, and a dawn-dusk electric

5



field of 0.25 mV/m. A deta_l_ study of parameter space is beyond the scope of this Letter.

Figure 2 shows the electron density in the equatorial plane for _ = 1.75. Inside the

plasmapausc (shown with the characteristic teardrop shape expected from th.e electric field

model), the density enhancement in the dawn sector and the density depletion in the dusk sector

ate due primarily to the convection of the trapped populalion. Oulside the plasmapause the

density is low because only source-cone particles axe present.

Because of the importa, ee of future helium imaging to our understazding of the plasma-

sphere, Fig. 3 shows the ratio of helittm ion density to hydrogen ion density in the equatorial

plane. This ratio vari.es rapi_y for _. £ 2Rz, but varies slowly for r _ 2Ra, in reasonable

agreement with statistical studies [Craven et al., 1997]. This behavior is due to the mass

ratio of the 1.we species and the interplay between the gravitational and electrostatic poten-

tials. Figure 3 also shows that this ratio is approximately constant across the plasmapause, an

observation noted previously [Horwitz tt al., 1986].

Iu. order to a.._css the capability of imaging to distinguish between models, Fig. 4 shows

the ratio of the helitma ion density giv_ by the pre_nt model to wha_ the helium ion density

would be if d.iffusive equilibrium conditions existed. The solid line indicates the surface where

the rati.o is unity. Dawnwatd of this surface, the loss cone is o_erfilled relative to the source

cone; duskwaxd of this surface (a_.d outside: the plasmapause), the loss cone is underfeed, The

strong dawn-dusk asymmetry of this ratio affirros the distinguishability of the pre,_ent model.

To illustrate the effect of varying rI, the dashed and dotted lines in Fig. 4 indicate the positions

of the unity ma'face.s for the eases where _/= 1.5 and v/= 2.0, respectively. (The densitJ.es for

these two eases are: not shown, but they exhibiI a strong asymmetry as well.)

A strength of the present method is that it is not limited to a particular electric field

specification or plasm.apause formation mechanism; other electdc field models [e.g., Volland,

1973] or pla_mapause models [e,g., Lcmaire, 1974} can be used. In addition, it i.' pt)ssible _o

incorporate the effects of the penetration of the polar convection electric field to low latitudes

[Spire et al., 1988; Doe et al., 1992].



4. Conclusion

We haveshown thattrappedparticlesdriftingalongdiurnalconvectionequipotantialsand

adjustingtheirdensityself-consistentlyleadstoamorphologyoftheouterplasmaspher¢width

issignificantlydifferentfrom thatobtainedusingtheassumptionofdiffusiveequilibrium.The

dcns_.tyexhibitsa strongasymmetry between thedawn and dusk sectorscompared with a

diffusiwequilibriumassumption.The partitionin.phasespacebctw_n_trappedparticlesand

untrappedparticles,andthediffer_teffectsofconvectionon thedifferentclassesofparticles,

requiresakinetictheory.

Fulurespacecraftndssionswillhave the capabilityto globallyimage the innermag-

netosphere(e.g.,throughscatteringof thesolar30.4nm lineby He+), and providesignif-

icantprogressin our understandingof the physicalprocossesintheplasmasphere [Meier,

1991;Williar_etat.,1992].The presentmodel has a predictivecapability[Reynoldsetal.,

1997]whichi,sherdedtoexU'actqt_antitativcinformationfrom theobservationaldata.

Acknowledgments. We would like to acl_owledge fruJ1_.ddiscussions with R. R. Meier, J. M.

P/cone, and A. C. Nicholas. Tl_s work is s'ponsoredby _ Offico of Na.val Research and NASA.



Ro.ferences

Axford, W. I., Magnctosphcric convection, Rev. Geophys., 7, 421, 1969.

Boardsea, S. A., 3. L. Oreen, S. F. Fang, and W. W. L. Taylor, Plasma wave imaging of the t/w.h's

magnetosphere, F,o_ _ans. AGU, 76(46), Pall Meet. Suppl., F521, 1995.

Craven, P. D., D. L. cranagl_r, and IL H. Comfort, Relatlve oonceaeatlon of He + in tY_einner magn_-

tosphece as obsccvcd by the DE 1 retarcting ion mass Sl_Ctrometor,I. Oeophys. Re,s, 102, 2_-19,

1997.

Doe, g. A.., M. B. Moldwia_, and M. Met_cLtllo, Plasmapause morphology determined from an empirical

Ionospheric convection model, J. Geophy$. Res., 97, 1151, 1992.

Evlat_r, A_, A. M. I.,¢nchek, and S. E Singer, Distflbution of dcnstty in an ion-exosphere of a nonro_atL_g

planet, Phys. Fluid,_, 7, 1775, 1964.

Horwitz, _. L., L. H. Brace, R. H. Comfort, and C. R. Chappell, Dual-spacecraft taeasurem_nts of

plasmaspherc-iono,sphcrc coupling, J. Geophys. Res., 92, 11,203, 1986.

Kav an_gh, L. D., Jr., J. W. Fr_man, Jr., and A. J. Chert, Plasma flow inthe magnetosphere, J. Geophys.

Res., 73, 5511, 1968.

Khazanov, G. V., C. E. Rasmussen, Yu. 'V. Kontkov, T. I. Gombost, and A. iv. Nagy Effe.ct of magneto-

_hctic cxmvcctJon on ll_¢tmitl plasraa la the Inner magnetosphere, J. G,,.ophys. Res., 99, 5923,

1994.

Lemaire, I., The 'Roche-limit' of lonosl_h_c plasma and the formation of th, plasmapausc, Planet.

Space $ci., 22, 757, 19"/4.

Lcmalre, L, Plasma distflbutio nmod¢ls ha a ro_ating raagn_tlc dipole and refilling of plasn'Lasph_'ic flux

Vab_, Phys. Fluids B, 1, 1519, 1989.

I.cmalrc, J., anti M. Schsrer, Mod_l OfL_polaz ion-exo_ht_e, Pla,e_. Space Sci., 18, 103, 19"10.

Meier, R. R., Ulu'avtolet spe_-_oscopy anti remo_e sensing ofthcupp_" aunosph_.'re, Space $ci. Rev., 58,

1, 1991.



Nishtda, A., l_ormation of plasmapause, or magnetosphertc plasma knee, by the combined action of

magaetosphetlc convection and plasma escape from the tall, J. Geophys. _¢s., 7], 5669, 1966.

Rasn_,ussen,C. E., and R. W. SChunk,A three-dimensional time-dependent model of_ae plasmasphexe,

J. Geophys. Res., 95, 6133, 1990.

Rasmussen, C. E., S. M. GuRer, anct S, G, Thomas, A two-dimen,_ional model of the plasmasphere:

refilling time c_nstaats, Planet. Space $ci., 41, 35, 1993.

R_ynold$, M. A., G. Ganguli, A. C. Nicholas, and R. R. Meier, Global images of ptasmas_herJc helium,

Eos Trans. AGU, 78, Spring Meet. Suppl., 1997.

Spiro, R. W., R. A. Wo]£ and B. G. Fejet, Penetration of Ialgh-lfC,Rude-elec_c-field effe_ to low

ta_tudes dta_mgSUNDIAL 1984, Ann. Geophy_., _, 39, 1988.

Volland, H., A serrdernph_calmod_ of large-scale rnagnetospheric eleclric fields, ,7.Geophys. Res., 78,

171, 1973.

Wtlltam,_,D. J._oeiof, and D. G. Mitchell, Global magnetospheric imaging, Rev. Geophys., :70,

183, 1992.

J. A. FeAder, G. Gang_i, and M. A. Reynolds, Cod_ 6794, Naval Research I.aboratory, 4555

Overlook Avenue SW, Washington, DC 20375. (e-mail: anthony@ppdu..nrl.navy.mil)

D. J. Melendez-Alvira, Code 7640, Naval Research L_botatory, 4555 Overlook Avenue SW,

Washington, DC 20375.

Received __

1National Research Council-. NRL Research Associ.ate.

2George Ma_on Univ_sity, Falffax, VA.



2

0

0 1 2 3 4

vu (arb. units)

Figure 1. Ve,locity sp_cc, at the, equator of a typical flux tube. Region I is the source cone. and

region M is the tr_pp_d popuhLtion. Panicles in region II encounter d_e baropausc, and region

IV is not accessible from dawa due to conveetion. The three boundaries be,tween the regions

arc deT,rmined qu.antitativcly by the three e functions in Eq_. (2) and (4).
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Figure 2, Electron density n,: in the equatorial plane, scaled to the electron density, at 1he

baropausc, n.,o, using the GSM coordinate sy._tem. The parameters are 77= 1.75, rv -- 3000

kin,. To .'_ 3000 K, 90_,_. hydrogen and 10% helium at 1he baropause, and a dawn-dusk electric

fieM of 0.25 mV/m.
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Figur_ ._. Ratio of helium ion density 7zR.. to hydrogen _on density T_z in the equatorial plaae,

for the same parameters as Fig. 2.
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Figtlre 4. Ratio of helium ion density ritz, to 'diffusive equilibrium hefium ion density n_,.a,

in the equatorial plane, for the same parameters a.s Fig. 2. Tle solid line indicates the surface

on which this ratio is unity. Near the pla,;mapause, this ratio i,; --, 1.5 at dusk and is ~ 0.25 at

dawn, a factor of 6 difference. The daahed _md dotted lines indicate the positions of the ttnity

surfaces for the cases where _/= 1.5 and 7/= 2.0, rc'.spectively. ('lhe densid.es for these two

cases are not shown.)
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